The Pseudomonas phaseolicola bacteriophage ¢6 nucleocapsid incorporated ATP, UTP, CTP and GTP into ssRNA products which sedimented at the same rate as heat-denatured small and medium dsRNA components. Hybridization of the separated ssRNA products with denatured dsRNA revealed that the small ssRNA hybridized only to small dsRNA and the medium ssRNA to the medium dsRNA. Synthesis of the large ssRNA was not observed. The RNA polymerase reaction proceeded through a replicative intermediate-like RNA probably via a semiconservative mechanism.
INTRODUCTION
The genome of ¢6, a lipid-containing Pseudomonas phaseolicola bacteriophage (Vidaver et al. t973) , consists of three unique double-stranded (ds) RNA segments of mol. wt. approx. 2.2, 3"2 and 5"o × IO 6 which are designated small, medium and large respectively (Semancik et al. 1973 ; Van Etten et al. I974 ). Previously we reported RNA polymerase activity in whole virions of ¢6 (Van Etten et al. I973) . Enzyme activity was observed only after a brief heat treatment of the virion (e.g. 6o °C for IO s) and was dependent on manganese acetate (magnesium acetate was only 3o ~o as active). The radioactive RNA product formed in the reaction was resistant to RNase in high salt and co-sedimented and co-electrophoresed with ¢6 dsRNA. However, the RNA polymerase activity was low and assuming that each ¢6 particle in the assay mixture was active, only about 5o nucleoside monophosphates were incorporated per molecule of ¢6 RNA.
Subsequently, it was found that non-ionic detergents remove the lipid envelope of the phage leaving a stable icosahedral nucleoprotein capsid (NC) consisting of at least five proteins and the three dsRNAs (Sinclair et al. 1975; Van Etten et al. I976) ; moreover, the NC had RNA polymerase activity which did not require a prior heat treatment (Van Etten et al. I976) . This paper shows that altering the assay conditions increases the RNA polymerase activity of the NC several hundred-fold and that the product was indistinguishable from ¢6 small and medium single-stranded (ss) RNAs. Parts of these results have been published in abstract (Partridge et al. I978 ) .
METHODS
Materials. aH-CTP (22 Ci/mmol) was obtained from New England Nuclear Corp.; unlabelled iibonucleoside triphosphates and RNase A were obtained from Sigma Chemical Co. and Worthington Biochemical Corp., respectively. The ¢6 NC was prepared as described previously (Van Etten et al. I976) except that the sucrose density gradients were equilibrated with 0"5 mM-MgC12 and I2. 5 mM-KHzPO4, pH 7"2.
oo22-I317/79/oooo-3424 $02.00 (~) I979 SGM RNA polymerase assay. The standard reaction mixture consisted of 93 mM-N,N-bis (2-hydroxyethyl) glycine (Bicine), pH 8"5; 3"5 to 5 mM-MgCI2, 30 mM-NH4CI; I'z5 mMeach of ATP, CTP, GTP and UTP; o'9 #Ci 3H-CTP; and o'25 A2~0 units of q56 NC (about 38/zg NC) in a total vol. of o.Io ml. The reaction mixtures were incubated at 3o °C. At various times, o'o5 ml samples were removed, applied to filter paper discs, quickly dried and trichloroacetic acid (TCA)-insoluble radioactivity determined as described previously (Van Etten et al. ~973) . All of the values were corrected for a zero time reaction.
Analysis of the products. At the appropriate times the reaction mixtures were treated with one-fifth vol. of Io × SSC buffer (I × SSC is o'I5 M-NaCI, o'oi5 M-sodium citrate, pH 7"2) and layered on linear log sucrose density gradients (Brakke & Van Pelt, I97o ) equilibrated with the same buffer. The gradient columns were scanned photometrically at A25~ with an ISCO density gradient fractionator (Instrumentation Specialties Co., Lincoln, Nebraska).
Alternatively, the reaction mixtures were treated with one-half vol. of z × buffer E [I z buffer E is 0'04 M-tris, 0"02 M-sodium acetate, o'ooI M-EDTA, 0"2 ~o SDS, pH 7"2 (Bishop et al. i967) ] containing 2o % sucrose and layered on a 2. 4 % polyacrylamide-o.5 % agarose slab gel. The samples were electrophoresed for 5 h at xoo V in buffer E and the electropherogram visualized by fluorography (Bonner & Laskey, 1974; Laskey & Mills, I975) .
RNA:RNA hybridization. Unlabelled ~6 dsRNA in o.o~ M-EDTA, pH 7"0, was heated to ~oo °C for 90 s and rapidly mixed with isolated radioactive ssRNA products; the samples were incubated overnight at 5o °C to promote reannealing. The RNA was precipitated with 2"5 vol. of ethanol, taken up in o-I ml of buffer E containing IO°/o sucrose and electrophoresed in 2"5 % polyacrylamide-o'5 °/o agarose tube gels for 8 h at 5 mA/gel. The gels were scanned at A260 with a Gilford model 24IO linear transport system (Gilford Instruments, Ohio, U.S.A.), which was coupled to a Beckman DU spectrophotometer and then sliced into I mm sections. The radioactive material was eluted from the gel slices and counted as described previously (Van Etten et al. I973) .
RESULTS

Properties of(96 NC RNA polymerase
The general characteristics of the improved ~56 NC RNA polymerase reaction are reported in Table I . The reaction depended on the presence of ribonucleoside triphosphates and MgClz. The MgCI 2 concentration was very critical (Fig. I a) and varied slightly from 3"5 to 5 m~{-for different NC preparations; therefore, the optimum MgCI2 concentration was always determined for each preparation. The reaction was stimulated by NH4CI ( Fig. I b) ; it was insensitive to actinomycin D, rifampin and chloramphenicol, but strongly inhibited by ethidium bromide. The reducing agents 2-mercaptoethanol and dithiothreitol had no effect on the reaction. The temperature (Fig. 2a) and pH (Fig. 2b ) optima for the reaction were about 3 ° °C and 8"5 to 9.o, respectively. The time course of the reaction is demonstrated in Fig. 3 . The reaction was linear for about 2o to 3o rain, but continued for up to 2 h at a gradually diminishing rate.
Analysis of the RNA polymerase product
To determine whether the labelled CTP was incorporated into ass-or a dsRNA product, samples were removed from the RNA polymerase reaction at various times; one-half of each sample was immediately precipitated with TCA while the other half was treated with RNase A (50 #g/ml) in 2 × SSC for ~5 rain and then precipitated with TCA. Three min after the start of the reaction about 26 % of the newly synthesized RNA was sensitive to RNase and this value increased to about 5o % during the remainder of the time periods (Table z) .
In other experiments as much as 7o % of the newly synthesized RNA was susceptible to RNase. Thus, labelled CTP was incorporated into both ssRNA and dsRNA.
Analysis of the RNA polymerase products on sucrose density gradients is shown in Fig. 4 . The enzyme synthesized large amounts of RNA (note the A254 trace) which sedimented in the region of heat-denatured small and medium dsRNAs (Fig. 4a) ; material sedimenting 3  3o47  2257  26  6  8369  3934  53  9  11588  5567  52  12  15654  7905  50  I5  I7O34  8298  51  30  21890  io6o8  52  60  21238  11697  45 * At the times indicated duplicate samples were removed from the reaction mixture. One sample was immediately precipitated with TCA while the other sample was treated for ~5 min with RNase A in 2 x SSC before precipitation with TCA.
l" As TCA-precipitable counts.
[ taa ' S~IL in the region of heat-denatured large dsRNA was not observed. Treatment of the RNA polymerase products with RNase in 2 × SSC prior to centrifugation resulted in the selective degradation of the RNA sedimenting in the region of the denatured dsRNA indicating that they were ssRNAs (Fig. 4b) .
To determine if these ssRNAs were ~6 small and medium ssRNAs, the labelled RNAs were isolated, reannealed with unlabelled heat-denatured ~b6 dsRNAs and electrophoresed on polyacrylamide gels (Fig. 5) . The apparent small ssRNA and medium ssRNA annealed exclusively with heat-denatured small and medium ssRNAs, respectively. Furthermore, the ssRNAs synthesized by the ~56 enzyme were of a single polarity since they did not self hybridize.
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. Ability of (a) small and (b) medium 8H-ssRNAs synthesized by ~b6 nucleocapsid R N A polymerase to hybridize to heat-denatured ~b6 dsRNA. The in vitro synthesized ssRNAs were isolated after sucrose density gradient centrifugation and allowed to re-anneal to heat-denatured ~b6 dsRNA. The samples were electrophoresed on polyacrylamide gels, scanned at A2e0, sliced into I mm segments and the radioactivity determined. --, A260; 0 ---0 , radioactivity. RNA polymerase in phage 46 3o5 26322 I4993 43 * At the times indicated duplicate samples were removed from the reaction mixture. One sample was immediately precipitated with TCA while the other sample was treated for I5 rain with RNase A in 2 x SSC before precipitation. The reaction was initiated with 4I pmol of 3H-CTP; at 2o min I25 nmol of unlabelled CTP was added.
t As TCA-precipitable counts.
Evidence for a RI-like RNA
Cells infected with ~56 synthesize replicative intermediate (RI)-like RNAs (Coplin et al.
i975) which presumably serve as intermediates in the synthesis of ssRNAs. To determine if some of the radioactive RNA sedimenting in the region of ssRNA might actually be RI-RNA, enzyme products were centrifuged and gradient fractions were divided in half; one half was immediately precipitated with TCA while the other half was treated with RNase in 2 × SSC prior to acid precipitation. A small but reproducible amount of the labelled RNA sedimenting in the region of the ssRNA was resistant to RNase digestion indicating they might be RI-RNA ( Fig. 4 ; Coplin et al. i975) . To examine this possibility further, a pulse-chase experiment was done: the RNA polymerase reaction was initiated with a limiting amount of CTP (i.e. 4T pmol of CTP as 3H-CTP) and incubated for IO rain (pulse); after Io rain I25 nmol of unlabelled CTP was added (chase). Samples were removed at appropriate intervals, electrophoresed on a polyacrylamide slab gel and visualized by fluorography (Fig. 6) . At the end of the pulse period (slot z) all of the radioactivity just barely entered the gel, which is characteristic of RI-RNAs (Coplin et al. I975; Franklin, I966 ) . One minute after the addition of unlabelled CTP, some of the radioactivity had been chased from the RI-like RNA into the three dsRNAs as well as into medium and small ssRNAs (slot 3). With increased chase periods, the majority of the radioactivity disappeared from the RI-like RNA region. To determine whether the newly synthesized RNA in the Rl-like structure was in the ssRNA or dsRNA portion of the molecule, samples from an identical experiment (the pulse was allowed to proceed for 2o rain) were taken during the pulse and chase periods and either precipitated immediately with TCA or else treated with RNase in 2 × SSC for I5 rain prior to precipitation with TCA. As shown in Table 3 , the 3H-CMP in the RI-like RNA during the pulse period was almost completely resistant to RNase and thus it was incorporated into the dsRNA region of the RNA. During the chase period, up to about 5o % of this radioactivity became susceptible to RNase; i.e. some of it was chased into ssRNA.
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DISCUSSION
By altering the RNA polymerase reaction conditions and with ~b6 NC as the enzyme source, de novo synthesis of one of the two strands of ~b6 small and medium dsRNAs was obtained. However, to date, no large segment ssRNA synthesis has been observed, even though some radioactivity is observed in all three dsRNA molecules (Fig. 6) ; at present we have no explanation for this observation. However, to a certain degree the NC RNA poly.merase mimics the ~b6 RNA synthesis observed in vivo in that small and medium ssRNAs are made in vast excess over large ssRNAs at all stages of the ~b6 growth cycle (Coplin et al. 1975) .
Although the products of the NC RNA polymerase are probably plus strands, confirmatory experimental evidence is not yet available. Also, it is not known if the NC RNA polymerase activity is the same as the heat activated ~b6 RNA polymerase activity described previously (Van Etten et al. 1973) .
The data in Fig. 4 (c) and 6 and Table 3 indicate that the NC RNA polymerase reaction probably proceeds through a RI-RNA composed of a full length dsRNA molecule and one or more partially completed ssRNA transcripts (Franklin, I966) . Furthermore, the initially synthesized strand(s) is resistant to RNase in high salt and hence is part of a dsRNA structure. These results would be expected if the NC RNA polymerase synthesizes ssRNA semiconservatively. Previously we suggested that ~6 RNA replicates semi-conservatively in vivo (Coplin et al. I975, 1976) . However, definitive proof of the mode of in vitro ~b6 RNA replication is not yet available. It is obvious, however, that the ~b6 RNA polymerase reaction differs from that of the dsRNA reovirus transcriptase which synthesizes ssRNAs conservatively (for review see Joklik, I974).
In summary, ~b6 NC has RNA polymerase activity which leads to the synthesis of small and medium ssRNAs. To our knowledge the dsDNA bacteriophage N4 (Falco et al. I977, 1978 ) is the only other bacteriophage known which appears to carry its own RNA polymerase.
